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Abstract. The results of an updated satellite analysis of 
hemispheric and regional Antarctic sea-ice cover are 
presented based on October 1987-September 1999 Special 
Sensor Microwave/Imager (SSM/D data. These show an 
ongoing slight but significant hemispheric increase of 
3.7(+0.3)% in extent and 6.6(+1.5)% in area. In the two 
principal sectors, Weddell Sea ice extent (area) decreased by 
3.4(+1.0) (3.9(+4.6)) % and Ross Sea ice extent (area) 
increased by 10.9(+1.0) (18.3(+4.6)) %. Hemispheric, Ross 
Sea and Western Pacific Ocean ice peaks in September 1998 
were anomalously high, and may have been related to 
atmospheric and oceanic anomalies in the Pacific Ocean and 
beyond associated with that year's exceptionally strong 
ENSO. Preliminary comparison of Antarctic sea-ice- 
concentration data with European Centre for Medium-Range 
Weather Forecasts (EC•) operational analyses fields 
suggests that the unusually extensive sea ice in winter 1998 
was concomitant with an equatorward shift of the circumpolar 
westerly surface winds over the southern Pacific Ocean. 
1. A New, Updated Antarctic Sea-ice Record 
Passive microwave (PM) satellites provide the only wholly 
comprehensive spatial and temporal monitoring of Antarctic 
sea-ice- a fully coupled component of global climate that 
lacks adequate representation i  climate models (Hanna 
1996). Existing published series (Cavalieri et al. 1997, Bjorgo 
et al. 1997) consider data only to December 1996 and August 
1995 respectively. Because of the potential sensitivity of the 
sea-ice cover to changing atmospheric, oceanic and climatic 
conditions, the construction and analysis of a more recent 
record is warranted. The Bristol sea-ice concentration 
algorithm (Smith 1996)- an improved version of the 
Bootstrap algorithm (Comiso 1995) - was used to construct a 
new Antarctic sea-ice series that is arguably more systematic 
than existing published series (Hanna and Bamber 2001). Key 
factors expected to favour the new series are (1) the more 
thorough tuning of brightness temperature tie points, and (2) 
an automarie algorithm developed and incorporated toremove 
residual noise in PM satellite images. Some preliminary 
results of the Bristol method, spanning August 1987- 
September 1997, were presented (Hanna 1999). 
Here the latest available National Snow and Ice Data 
Center (NSIDC) Defense Meteorological Satellite Program 
(DMSP) F13 SSM/I Brightness Temperature Grids for the 
Polar Regions data were used to update the series to the 
period October 1987-September 1999 (Fig. 1). The main aim 
was to search for significant hemispheric and regional 
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coverage trends in an attempt o elucidate ongoing Antarctic 
and global climatic change. Least squares regression analysis 
showed that Antarctic (hemispheric) sea ice extent increased 
by 3.7(+0.3)% and area by 6.6(+1.5)% (annual means of 
monthly trends). Sea-ice xtent is the aggregate area of image 
pixels eontaimng > 15% sea-ice, while sea-ice area is the area 
actually covered by sea-ice in pixels of >15% concentration, 
i.e. extent times concentration for all such pixels. Because 
area •nereased faster than extent, the ice became slightly more 
consolidated, with mean concentration increasing by 
2.8(+1.7)%. Error estimates are based on a tie-point 
sensitivity study and temporal random error and spatial error 
analysis (Hanna 1998). These results suggest that the rather 
smaller increase of 1.0(+0.5)% per decade in Antarctic sea-ice 
extent and 1.3(+0.6)% in area detected for the period 
November 1978-December 1996 (Cavalieri et al. 1997) is 
ongoing. This increase was apparently greater from 1987-96 
(see Fig. 2B in Cavalieri et al. 1997), and also for the more 
recent (1987-99) period considered here. Watldns and 
Simmonds (2000) similarly noted positive and statistically 
significant increases in Antarctic sea-ice extent and area, 
based on 1987-96 data and concentrated in the mid-1990s. 
Most of the positive sea-ice trends occurred from March- 
October (i.e. Southern autumn/winter), peaking in April (9.0% 
in extent and 18.9% in area). In September, the month of 
maximum coverage, hemispheric extent (area) grew by 
5.8(9.9)%. Part of the upward trend can be attributed to a 
jump in sea-ice coverage in 1998 compared with previous 
years. September 1998 extent (area) was 2.7 (3.0) standard 
deviations (SDs) above the 1988-99 September mean, and 
therefore statistically anomalous at the 5% significance level 
(Table 1). This anomalously high Antarctic sea-ice coverage 
was particularly pronounced in the Ross Sea and W Pacific 
Ocean areas (Fig. 2). However, ice coverage was 'normal' 
again the following winter (1999). Removing the 1998 value 
from the September set of hemispheric figures still leaves 
upward trends for Antarctic sea-ice extent (area) of 3.1 
(4.0)%. 
Conversely, November-February (Southern summer) had 
small or negative trends, with the most notable decreases in 
December (3.6% in extent and 6.9% in area). In February, the 
month of minimum Antarctic sea-ice coverage, there was 
relatively little net change, but since there is so little ice in 
summer anyway, the percentage changes are not notable. 
Therefore there has been an increase in seasonality of the ice, 
primarily seen as greater autumn and winter coverage, during 
these twelve years. 
2. Unusually Large Pacific Ocean Ice Cover in 
Winter 1998 
We refer to the Antarctic regional sectors used in Gloersen et 
al. (1992) (Fig. 2). Standard error estimates are of the order of 
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Figure 1. Monthly Antarctic sea-ice extent and area, October 
1987-September 1999. 
+1.0% for trends in extent and +4.6% for trends in area for the 
sectors; errors might be greater than this, but ill-defined, for 
the summer months of February and March - especially in the 
Weddell Sea where some meltponding occurs (Hanna 1998). 
The increase in Antarctic sea-ice extent and area over the 
study period was concentrated in the three sectors straddling 
the Pacific Ocean (W Pacific Ocean, Ross Sea and 
Bellingshausen/Amundsen Seas) (Table 1). The largest 
September (ice maximum month) increases were also in these 
sectors. Weddell Sea ice overall decreased slightly, with only 
a marginal decrease in extent for September. 
Bellingshausen/Amundsen Seas' ice became much more 
seasonal (more extensive in winter, less so in summer). 
The unusually extensive Antarctic sea-ice in September 
1998, split by sector, was anomalous only in the Ross Sea 
(extent and area) and the W Pacific Ocean (area only). These 
anomalies, while still significant at the 5% level, are not so 
sthking as the hemispheric one for the same month, due to 
much greater interannual fluctuations in regional ice coverage 
(Fig. 3) (successive hemispheric winter ice maxima were 
remarkably constant). 
It is curious that the months of greatest negative (greatest 
positive) sea-ice extent and area trends in the Weddell Sea 
coincided with those of greatest positive (least positive) trends 
in the Ross Sea (Fig. 4). These two sectors are geographically 
situated almost opposite each other and contain the bulk of 
Antarctic sea-ice. Contrasting trends in regional sea-ice 
coverage were also noted based on earlier, 1978-95, data 
(Stammerjohn and Smith 1997). In the present study, the 
largest overall sea-ice increases were in the Western Pacific 
Ocean and Ross Sea, while the largest decreases (albeit much 
more modest than the increases) were in the Weddell Sea and 
(to a lesser extent) Indian Ocean. Again, these two pairs of 
adjoining sectors are almost opposite. The near-antiphase 
relations in the trends and timings of their respective 
coverages are possibly signatures of the Antarctic 
Circumpolar Wave (ACW) - a coupled anomaly of significant 
variations in sea-level pressure, mean wind stress, sea-surface 
temperature and sea-ice extent that propagates eastwards 
around Antarctica in 8-10 years (White and Peterson 1996). 
The ACW has a 4-5-year period due to its double waveform. 
The hemispheric data largely mask its effect: hence the much 
smaller hemispheric trends. 
3. Implications 
In contrast to Arctic sea-ice, which has recently shown 
marked losses (Johannessen et al. 1999, Parkinson et al. 1999, 
Vinnikov et al. 1999), Antarctic sea ice coverage has 
increased slightly but significantly since the start of the 
continuous passive microwave satellite record (1978). This is 
consistent with cooling over Antarctica from 1979-98 
(Comiso 2000). 
Atmospheric and oceanic anomalies accompanying the 
exceptionally strong ENSO of 1998 (Slingo 1998) may 
explain the unusually extensive sea ice in winter 1998, 
particularly as the anomalous ice was concentrated in the 
sectors adjoining the Pacific Ocean. A natural extension of 
this research will be to cross-correlate climate analysis fields 
(especially from the forthcoming 'second generation' 
ECMWF reanalysis, ERA-40 (Simmons and Gibson 2000)) 
with ice-concentration data to search for teleconnections and 
explore possible mechanisms for climate/ice couplings. Yuan 
and Martinson (2000) found that up to 34% of the variance in 
spatially averaged, detrended Antarctic sea-ice extent 
anomalies is linearly related to ENSO, and revealed a 
significant meridional component between Antarctic sea-ice 
extent and extrapolar climate/sea-surface temperatures. 
Table 1. October 1987-September 1999 percentage trends in Antarctic (hemisphere and sectors) sea-ice xtent (E) and area (A) 
for all months and February (ice m'mimum month) and September (ice maximum month) values only. Antarctic sea-ice E & A 
anomalies for September 1998 are shown as standard eviations above the corresponding September 1988-99 means. 
Region All months February September September 1998 anomaly 
% % % (SD) 
Hemisphere E 3.7 2.7 5.8 2.7 
A 6.6 -1.8 9.9 3.0 
Weddell Sea E -3.4 -7.7 -1.7 0.6 
A -3.9 -14.1 0.1 1.5 
Indian Ocean E 1.9 4.1 -2.6 0.1 
A 3.5 -3.8 0.8 1.5 
W Pacific Ocean E 17.1 25.7 23.8 1.6 
A 30.7 41.6 •40.6 2.4 
Ross Sea E 10.9 13.3 12.6 2.0 
A 18.3 18.8 18.1 2.2 
Bellingshausen/Amundsen Seas E 5.1 -6.1 18.5 0.5 
A 8.9 -21.2 23.1 1.1 
HANNA: ANOMALOUS PEAK IN ANTARCTIC SEA-ICE AREA, WINTER 1998 1597 
Weddell 
Sea 
Indian 
Ocean 
B/A 
Seas 
W Pacific 
Ocean 
Ross Sea 
- 100 100 
Concentrotion (% September 1998 - % meon September (1988-99)) 
Figure 2. Antarctic sea-ice concentration a omaly image for 
September 1998, relative to mean September (1988-99) 
conditions. 
8 
o 
Oct-87 Oct-g8 Oct-89 Oct-9o Oct-91 oct-92 oct-93 Oct-94 oct-95 Oct-96 oct-97 oct-98 
Date 
1-o- v..xtmt ...... Area I 
25 
15 
Trct 5 
d 
-5 
15 
25 
Ann Jan Feb Apr May • Aug Dec 
;• ==•i }i•Mar ='• '• $tm Jul Sep Oct Nov 
25 
15 
Trm 5
d 
(%) 
-5 
Ann Jan F•b Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
Figure 4. Annual and monthly trends in sea-ice extent for (a) 
Weddell and (b) Ross Seas. Area trends (not shown) have 
similar patterns. 
Perhaps abnormally strong ENSO conditions in 1998 shifted 
the circumpolar westerly winds (and Antarctic Circumpolar 
Current?) equatorward, especially in the Antarctic regions 
adjacent o the Pacific Ocean, allowing winter ice growth that 
year to also extend unusually far north. This hypothesis is 
supported by a modelling study in which the circumpolar 
trough moved closer to Antarctica in response to sea-ice 
removal (Bromwich et al. 1998). 
Sea-ice-concentration data were compared with surface 
wind fields from ECMWF operational analyses (Berrisford et 
al. 1998) for Septembers in the study period. This revealed an 
equatorward shift (not shown) of the circumpolar westerly 
surface (10-m) winds over the high-latitude southern Pacific 
by several degrees in September 1998 relative to September 
1997 and mean September (1988-98) conditions. The inner 
• margin of the circumpolar westerlies was at •63-65øS in 
September 1998 map and at --65-68øS in the mean September 
4 • map. These surface wind fields areconstrained by as •  observation  well as model parameters ( .g.scatterometer, 
• 3 ships and drifting buoys). Although t ere were some model 
• changes over time, there were no significant overall 
2 differences i  the mean monthly southem Pacific sea-ice limits imposed in the model for these Septembers, and the 
? ij !•,• !}I meridional wind shift is considered real (F. Lalaurette, pers. • J !: • comm.,2001).
0 It is unclear for how long the recent comparative stability 
00;-87 Oct-88 00;-89 Oct-90 O ;-91 Oct-92 00;-93 Oct-94 Oct-95 00;-96 Oct-97 00.98 in hemispheric (compared with regional) Antarctic sea-ice 
D•t, coverage will continue in the light of climatic 
l-o- •a•t ...... ~ca I change/anthropogenic gl bal warming and possibly associated 
Figure 3. Monthly sea ice extent and area, October 1987- ENSO changes (Federov and Philander 1999, Timmermann et 
September 1999, for (a) Weddell Sea and (b) Ross Sea. al. 1999, Urban et al. 2000). The myriad potential climatic 
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feedbacks makes it extremely difficult to determine their net 
effect but thermal inertia and changes in vertical mixing of the 
high-latitude Southern Ocean might well delay the likely 
response (an eventual melt (Wu et al. 1999)) of the Antarctic 
sea-ice cover (Hanna 1996). Moreover, Southern Extratropic 
Twentieth Century global warming so far seems to have been 
somewhat muted compared with that in the Northern 
Extratropics and Tropics (Bell et al. 1999). In Antarctica, this 
may be due to a decadal weakening of the semiannual 
oscillation (the twice-yearly contraction/expansion of the 
southern circumpolar trough) restricting meridional heat 
exchange between Antarctica and its environs (van den 
Broeke 2000). 
Apart from concerns about future climatic change, there 
are suggestions from whaling records of a reduction in 
Antarctic sea-ice cover in the 1960s much larger than changes 
so far seen in the hemispheric satellite record (de la Mare 
1997). Ongoing, improved satellite monitoring and accurate 
data evaluation will likely prove paramount for providing 
early warning of possible perturbations to the (currently 
hemispherically stable) Antarctic sea-ice system. 
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